An enzyme involved in the breakdown of xyloglucans was purified from an extract of cell walls of azuki bean epicotyls obtained with 1M NaCI and purified by column chromatography on several different resins. The purified enzyme gave a single band of a protein with a molecular mass of about 32 kDa after SDS-PAGE. The enzyme hydrolyzed the xyloglucans of high molecular mass from azuki cell walls to yield fragments of about 50 kDa without production of any oligo-or monosaccharides. Moreover, the enzyme had hardly any effect on xyloglucans of less than 60 kDa. The enzyme also hydrolyzed xyloglucans from tamarind, but it did not react with cellulose derivatives. In the presence of pyridylamino-labeled xyloglucan oligosaccharides as acceptor substrates, the enzyme catalyzed the transfer of 50-kDa products to the oligosaccharides. The K m value of the enzyme for xyloglucans of 540 kDa was similar in the presence and in the absence of xyloglucan oligosaccharides as acceptors: 1.0 mg ml" 1 . These results suggest that the enzyme was an endotransferase but had unusual acceptor specificity, preferring smaller acceptors such as water.
Xyloglucans are the major hemicellulosic polysaccharides in the primary cell walls of dicotyledons, accounting for 20 to 25% of the dry mass (Fry 1989 , Hayashi 1989 , McNeil et al. 1984 . Each has a backbone of ^-1,4-linked D-glycosyl residues and all are linked, via hydrogen bonds, to the surface of individual cellulose microfibrils, cross-linking the microfibrils to form the complex polysaccharide network of the cell wall (Bauer et al. 1973 , Fry 1989 , Hayashi, 1989 , McNeil et al. 1984 . These features of xyloglucans have led to the hypothesis that they are in the regulation of cell wall expansion, in particular that induced by auxin. During the auxin-induced cell elongation in dicotyledonous plants, auxin has been shown to induce the degradation (Labavitch and Ray 1974) , solubilization (Terry et al. Abbreviations: Con A, concanavalin A; CMC, carboxymethylcellulose; EXT, endo-xyloglucan transferase; XET, xyloglucan endotransglycosylase; FPLC, fast protein liquid chromatography. 1 To whom correspondence should be addressed. 1981), decrease in molecular mass Masuda 1981, 1983) , and stimulation of autolysis (Hoson 1990 ) of xyloglucans. Fucose-binding lectins and antibodies raised against xyloglucan hepta-and octasaccharides suppress the auxin-induced cell elongation and cell wall loosening as well as the breakdown of xyloglucans (Hoson and . These inhibitory effects support the hypothesis that the breakdown of xyloglucans is associated with the wall loosening that is responsible for the auxin-induced cell elongation in dicotyledons.
Endo-l,4-/?-glucanases (cellulases; Byrne et al. 1975, Hayashi and and EXTs (or XETs; Nishitani and Tominaga 1992 , Fry and Matthews 1992 , Fanutti et al. 1993 ) have been reported to be enzymes that are capable of degrading xyloglucans in dicotyledons. Auxin induces the accumulation of an endo-l,4-/?-glucanase and an EXT or their mRNAs (Byrne et al. 1975 , Nishitani 1995 . However, it is still unclear whether these enzymes are associated with the cell wall loosening that is responsible for the stem elongation in dicotyledons. In the present study, we searched for other type of xyloglucan-degrading enzymes in the cell walls of azuki bean epicotyls. We report here the purification to apparent homogeneity of a novel type of xyloglucan hydrolase/endotransferase.
Materials and Methods
Materials-Seeds of azuki bean (Vigna angularis Ohwi et Ohashi cv. Takara) were soaked in running tap water for 1 d at 30°C and then grown on gauze in a plastic dish, filled with water, at 25°C in darkness. Epicotyls (4-5 cm) were collected after 6 d and used as the source of enzymes and xyloglucans. Xyloglucans were prepared from azuki epicotyls as described previously Masuda 1981, Nishitani and Tominaga 1991) . These xyloglucans were dissolved in 0.1 M NaOH and applied to a column of Sepharose CL-4B (Pharmacia, Uppsala, Sweden) that had been equilibrated with 0.1 M NaOH to separate xyloglucans with different molecular masses. Xyloglucan oligosaccharides were prepared from the purified xyloglucans by treatment at 37 C C for 24 h with a cellulase purified from Trichoderma viride (Sigma, St. Louis, MO, U.S.A.). The products of digestion were chromatographed on a column of Toyopearl HW-40S (Tosoh, Tokyo, Japan) that had been equilibrated with water. Fractionated xyloglucan oligosaccharides corresponding to nona-and heptasaccharides were used for determinations of K m values and for further modification. The reducing ends of the xyloglucan oligosaccharides were coupled with 2-aminopyridine by reductive amination with borane-dimethylamine complex (Kondo et al. 1990 ) using a reac-
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Xyloglucan hydrolase endotransferase in azuki bean tion apparatus (Palstation, model 4000; Takara, Kyoto, Japan). Carboxymethylcellulose (CMC) and hydroxyethylcellulose were purchased from Wako (Osaka, Japan). Oat spelt xylans, larch wood arabinogalactans, lichenan (from Cetraria islandica) and laminarin (from Laminaria digitata) were purchased from Sigma. Tamarind xyloglucans were a gift from Mr. K. Yamatoya, Dainippon Seiyaku Co. (Osaka, Japan). Oat l,3-l,4-/?-D-glucans were prepared from a powder of oat caryopses (Quaker Oats, Chicago, IL, U.S.A.) as described by Huber and Nevins (1977) .
Purification of xyloglucan-degrading enzymes-All procedures were performed at 4°C. Azuki epicotyls were homogenized in a blender with 10 mM sodium phosphate buffer (pH 7.0). The homogenate was filtered through polypropylene mesh (32 fttn) to obtain the cell wall fraction. This fraction was washed with the same buffer and then resuspended in 10 mM sodium phosphate buffer (pH 6.0) that contained 1 M NaCl. The suspension was stirred for 24 to 48 h at 4°C and filtered through polypropylene mesh. The precipitate obtained at 80% saturation with ammonium sulfate was collected and dissolved in 200 mM sodium acetate buffer that contained 0.2 M NaCl (pH 6.0). The solution was dialyzed overnight against 20 mM Tris-HCl (pH 7.5) buffer that contained 0.2 M NaCl, 1 mM MnCl 2 and 1 mM CaCl 2 . Then aliquots of the solution were applied to a column of Con A-Sepharose 4B (Pharmacia) that had been equilibrated with the same buffer and eluted as described previously (Hoson et al. 1995b ). The bound fraction was collected, dialyzed against 10 mM MES-NaOH (pH 5.8), and then applied to a Mono-S HR 5/5 column (5 mm i.d. x 50 mm) that had been equilibrated with the same buffer for fast protein liquid chromatography (FPLC; Pharmacia). Bound proteins were eluted with a linear gradient of 0 to 0.1 M NaCl in the same buffer. The active fractions were combined and subjected to further FPLC on a column of Superose-12 (10 mm i.d. x 300 mm) with 50 mM sodium phosphate buffer (pH 6.0) that contained 0.2 M NaCl and 0.02% sodium azide as the eluate. Protein content was determined with a Protein Assay Kit (Bio-Rad, Hercules, CA, U.S.A.). Concentrations of protein in eluates from columns were also estimated by monitoring absorbance at 280 nm. Laemmli (1970) with a Phast System (Pharmacia). Precast 20% polyacrylamide gels (PhastGel homogeneous 20; 42 x 50 mm 2 , 0.45-mm thick) were purchased from Pharmacia. Proteins were visualized by staining with silver, using a Silver Kit (Pharmacia).
SDS-PAGE-SDS-PAGE was performed as described by
Assays of enzymatic activity-Assays were performed at 37°C with 20-60 MS of azuki xyloglucans of 400-600 kDa and various amounts of preparations of enzymes in 50-150^1 of 0.2 M sodium phosphate buffer (pH 6.0), with incubation for 2 to 24 h, unless otherwise indicated. After incubation, the reaction was terminated by boiling. The activities of xyloglucan-degrading enzymes were assayed by the iodine-staining method (Kooiman 1960) , and expressed in terms of the decrease in absorbance at 640 nm of the xyloglucan-iodine complex. Activities were also assayed by measuring the reducing power of the reaction mixture with Somogyi-Nelson reagents (Somogyi 1952) , by the neocuproine assay (Dygert et al. 1965) , and by labeling with NaB 3 H 4 . Enzymetreated xyloglucans were allowed to react with 0.05 mCi of NaB 3 H 4 (specific activity, 37.0 GBq mmol" 1 ; Du Pont NEN, Wilmington, DE, U.S.A.) in 0.5 ml of 0.05 M NaOH for 24 h overnight at room temperature. After the sample had been treated with acetic acid, air-dried, and passed through a column of AG 50W-X12 (H + form; 5 mm i.d. x 20 mm; Bio Rad), the radioactivity of 3 H-labeled xyloglucans was determined in a liquid scintillation spectrometer (Tri-Carb 460; Packard, Downers Grove, IL, U.S.A.).
Characterization of the enzyme-An HPLC system (LC-6A; Shimadzu, Kyoto, Japan) equipped with two pumps, a system controller, a refractive index detector (RID-6A), and a TSK-G5000 PW column (7.5 mm i.d. x 600 mm; Tosoh) was used for the analysis of the mechanism of degradation of xyloglucans and for the determination of the K m , and the substrate specificity of the purified enzyme. The sample was eluted with 50 mM potassium phosphate buffer (pH 7.2) at a flow rate of 1 ml min" 1 . To compare the actions of the purified enzyme on xyloglucans with different molecular masses, we used xyloglucans of 1,500, 600, 300, 200, 60 and 20 kDa as substrates. The various reaction mixtures were incubated and analyzed as described above. In some experiments, fresh enzyme was added to each reaction mixture 18 h after the start of the incubation.
The activity of EXT was measured by the previously reported method (Nishitani 1992) . Ninety fig of non-labeled xyloglucans and 0.6/ig of pyridylamino-labeled xyloglucan oligosaccharides (acceptor) were used as substrates and they were incubated with the purified enzyme in 60 fi\ of 0.2 M sodium acetate buffer (pH 5.8) for 60 h at 25 C C. After the reaction, xyloglucans in the mixture were analyzed by HPLC, as described above. The pyridylamino-Iabeled xyloglucans were detected with a fluorescence detector (RF-535; Shimadzu) with excitation at 320 nm and emission at 400 nm. The K m of the purified enzyme for 540-kDa xyloglucans was determined after incubations at 37°C for 1-2 h in the presence and in the absence of 100/iM xyloglucan oligosaccharides. The velocities of reaction were determined by measuring the increase in the area of the peak on the chromatogram that corresponded to products of about 50 kDa after HPLC as described above.
Results
Purification of xyloglucan-degrading activities from the cell walls of azuki bean epicotyls-Proteins extracted with 1 M NaCl from the cell wall preparation of azuki epicotyls had xyloglucan-degrading activity when assayed by the iodine-staining method. The xyloglucan-degrading enzyme was purified from the extract in 1 M NaCl by precipitation with ammonium sulfate, with subsequent column chromatography on Con A-Sepharose 4B, and FPLC on Mono-S and Superose-12 columns. During chromatography on Superose-12, most of the protein associated with xyloglucan-degrading activity was eluted as protein with apparently low molecular mass because of strong adsorption to the gel. However, silver staining revealed a single band of a 32-kDa protein after SDS-PAGE (Fig. 1) .
Characterization of the mode of action of the enzyme -The purified enzyme showed xyloglucan-degrading activity, as determined by the iodine-staining method (Fig. 2) . The enzyme had maximum activity at pH 5.8 to pH 6.0. The activity was also detected when reducing sugars were quantified by the neocuproine method. The reducing power in the reaction mixture increased slowly but continuously during a 36-h incubation (Fig. 2) . A similar increase in reducing sugars was detected after dialysis of the reaction mixture, indicating that products with molecular masses below about 10 kDa were not released during hy- drolysis. A small but significant increase in reducing power was also detected by labeling with NaB 3 H 4 (data not shown). The relatively low rate of production of reducing power in combination with the rapid decrease in iodine staining suggested that the purified enzyme hydrolyzed xyloglucan molecules by an endo-type reaction. C C for 6, 18 and 36 h. Eighteen h after the start of the incubation, fresh enzyme was added to each reaction mixture. Before and after reactions, the mixtures were analyzed by HPLC on a gelfiltration column (TSK-G5000PW) and the eluate was monitored with a refractive index detector. Dotted profiles indicate controls after incubation with boiled enzyme. Vertical bars show the elution positions of molecular mass standards (with molecular masses in kDa). Glucose was eluted at 21.5 min in this system. Vo, Void volume.
To confirm the endo-type action of the purified enzyme against xyloglucans, we analyzed changes in the molecular mass of substrates caused by the enzymatic reaction by HPLC on a gel-filtration column (TSK-G5000PW). Figure 3 shows the changes in the distribution of molecular masses of xyloglucans after reactions with the purified enzyme for 6, 18 and 36 h, respectively. The peaks of xyloglucans shifted towards the region of lower molecular mass during a 6-h incubation. This shift continued with increases in the incubation time up to 36 h. After 36 h, xyloglucans with molecular masses of about 600 kDa were split into products of about 400 kDa and 50 kDa. No oligosaccharides or monosaccharides were produced during the reaction.
Xyloglucans with different molecular masses (1,500, 600, 300, 200, 60 and 20 kDa) were incubated with the purified enzyme and changes in their molecular masses were examined by HPLC (Fig. 4) . The purified enzyme caused clear shifts in the distribution of xyloglucans of more than 200 kDa to products of lower molecular mass. Fragments of about 50 kDa were produced from xyloglucans of 1,500 and 600 kDa. However, xyloglucans of less than 60 kDa did not show such changes in the distribution of molecular mass, with the exception of the slight degradation of contaminants of high molecular mass.
Activities of EXT were assayed by two different methods, as described by Nishitani (1992) . When xyloglu- cans with a molecular mass of 64 kDa were used as substrates and the activity was determined by HPLC in term of the width of the peak at 50% of its maximum height, no activity was detected (data not shown). However, in the presence of pyridylamino-labeled xyloglucan oligosaccharides as acceptors, the enzyme catalyzed the coupling of cleaved products of about 50 kDa with the oligosaccharides (Fig. 5) .
The K m value of the purified enzyme for 540-kDa xyloglucans was l.Omgml" 1 both in the presence and in the absence of xyloglucan oligosaccharides. However, V mm was several-fold higher in the presence of oligosaccharides than in their absence.
Substrate specificity-The substrate specificity of the purified enzyme was examined with soluble derivatives of cellulose, such as CMC and hydroxyethylcellulose, and with l,3-l,4-/?-D-glucans, xylans, arabinogalactans, lichenan, laminarin, and tamarind xyloglucans. The purified enzyme caused clear changes in the elution profiles of tamarind xyloglucans, which lack terminal fucose residues, as well as in that of azuki xyloglucans. However, no changes in elution profile were detected for CMC, hydroxyethylcellulose and l,3-l,4-/?-D-glucans (data not shown). The enzyme did not cause any increase in the reducing power of solutions of polysaccharide when incubated with a solution of any polysaccharides apart from xyloglucans.
Discussion
Proteins extracted with 1 M NaCl from the cell walls of azuki bean epicotyls caused a decrease in staining by iodine of xyloglucans in solution. Because the intensity of staining is correlated with the molecular mass of xyloglucans between 20 and 1,000 kDa and complete decolorization does not occur until xyloglucans have been degraded to the fragments of 10 kDa and below (Kooiman 1960 , Sulova et al. 1995 , the activity appeared to cause a decrease in the molecular mass of xyloglucans. In fact, the purified enzyme degraded purified xyloglucans with molecular masses of 600 kDa to 400 kDa to yield products of about 50 kDa (Fig. 3) . However, the enzyme had hardly any effect on xyloglucans of less than 60 kDa (Fig. 4) . When we analyzed the products of the degradation for 6 to 36 h of xyloglucans by the purified enzyme using HPLC, we were unable to detect any oligosaccharides or monosaccharides. Furthermore, we detected hydrolytic activity when increases in reducing power were examined by the neocuproine method or by a sensitive method with NaB 3 H 4 . The reducing power of the reaction mixture after a 36-h incubation was about 10 times that of the initial solution of xyloglucan molecules. This value coincided almost exactly with the increase in the number of the reducing ends, as estimated from the changes in molecular mass determined by HPLC (Fig. 3) . These results suggest that the enzyme hydrolyzed xyloglucans to fragments of about 50 kDa by an endo-type reaction and that only xyloglucans of more than about 100 kDa could serve as substrates for the enzyme.
The chemical nature and the pattern of action of the purified enzyme was clearly different from those of cellulase but similar to those of EXT (XET). The purified enzyme yielded a band of a protein of 32 kDa after SDS-PAGE (Fig. 1) , and this molecular mass is similar to that of EXT. Both enzymes bound to Con A-Sepharose and to gelfiltration columns. The purified enzyme did not use xyloglucans of 20-1,500 kDa as acceptors (Fig. 4) . However, when pyridylamino-labeled xyloglucan oligosaccharides were incubated as acceptor substrates with the purified enzyme, in addition to non-labeled xyloglucans of high molecular mass, products of the cleavage reaction of about 50 kDa were transferred to the oligosaccharides (Fig. 5) . Thus, the enzyme that we purified catalyzed the hydrolysis of the xyloglucan backbone in the absence of suitable acceptors but, in their presence, it also exhibited endotransferase activity. The K m value of the enzyme for 540-kDa xyloglucans was similar (l.OmgmP 1 ) in the presence and in the absence of xyloglucan oligosaccharides, indicating that the affinity of the purified enzyme for xyloglucans was not affected by the nature of the an acceptor, namely, water or a xyloglucan oligosaccharide. The K m value was also close to the concentration of xyloglucans used in the present study. By contrast, EXT had no hydrolase activity (Nishitani and Tominaga 1992). These results suggest that the enzyme purified in the present study is a kind of EXT with novel acceptor-specificity; it prefers smaller acceptors, such as water. The K^ was several times higher in the presence of xyloglucan oligosaccharides than in their absence, indicating that oligosaccharides might be better acceptors than water. The partial amino acid sequence of the purified enzyme resembled that of EXT to some extent (data not shown), and cloning of a cDNA for the enzyme is in progress. Edwards et al. (1986) reported the purification of a xyloglucan-specific endo-l,4-/?-glucanase from germinating seeds of nasturtium. This enzyme was also shown to have the activity of an XET (Fanutti et al. 1993) . Similar results were reported by Farkas et al. (1992) . Thus, the enzyme purified in the present study might have characteristics similar to the XET from nasturtium. However, the XET from nasturtium hydrolyzed storage xyloglucans without terminal fucose residues more extensively than fucosylated xyloglucans ones from the primary cell walls of growing tissues (Edwards et al. 1986 ), whereas the purified enzyme from azuki epicotyls hydrolyzed tamarind xyloglucans without terminal fucose residues at a rate similar to the rate of hydrolysis of azuki xyloglucans, which have with terminal fucose residues. Furthermore, the XET from nasturtium produced oligosaccharides (Farkas et al. 1992 , Fanutti et al. 1993 and, thus, the cleaved fragments could, in turn, serve as acceptors. By contrast, the enzyme from azuki epicotyls split xyloglucans into fragments of about 50 kDa without producing oligosaccharides. Thus, there are differences in substrate specificity and in the mode of action between the two types of xyloglucan hydrolase/endotransferase.
Little is known about the mechanism by which the enzyme from azuki epicotyls hydrolyzes xyloglucans into fragments of about 50 kDa. In the case of EXT, the higher is the molecular mass of xyloglucans, the higher is the rate of the cleavage reaction (Nishitani 1995) . If 100 kDa is the minimum molecular mass of xyloglucans for cleavage by the present enzyme, it should produce 50-kDa fragments. Another possibility is that xyloglucans have a specific domains of about 50 kDa, which are recognized by the enzyme from azuki epicotyls. McCann et al. (1992) examined the structure of extracted xyloglucans by immunogold labelling and reported a periodicity of about 30 nm. They also suggested that endoglycanases might cleave xyloglucans with similar periodicity of cleavage. The enzyme from azuki epicotyls did not react with l,3-/?-D-glucans, 1,3-1,4-yS-D-glucans, l,4-/?-D-xylans, or arabinogalactans. Thus, the corresponding linkages are probably not located in the inter-domain regions.
The involvement of the purified enzyme in the cell wall loosening responsible for stem elongation should be examined in further detail. The enzyme was purified from elongating regions of azuki bean epicotyls, so there is a possibility that it might participate in cell elongation. As indicated in the Introduction, auxin induces the degradation (Lavabitch and Ray 1974), solubilization (Terry et al. 1981) , decrease in molecular mass Masuda 1981, 1983 ) and stimulation of autolysis (Hoson 1990 ) of xyloglucans when it stimulates the elongation of stem segments of dicotyledon. The actions of the purified enzyme correspond to such changes in the structure of xyloglucans. EXT or XET without hydrolase activity is capable of degrading xyloglucans in the presence of suitable oligosaccharide acceptors (Lorences and Fry 1993) . By contrast, the present xyloglucan hydrolase/endotransferase can participate in the breakdown of xyloglucans both in the absence and in the presence of acceptors. It was demonstrated recently that, in azuki bean epicotyls, xyloglucans are degraded by a two-step reaction via 50-kDa products (Hoson et al. 1995a ). The present enzyme appears to be involved in the first step of such breakdown.
